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A rack cooling system based on a large scale flat plate pulsating heat pipe is proposed. The heat generated from 


IT equipment in a closed rack is transferred by the rear door pulsating heat pipe to the chilled air passage and is 


avoided to release into the room. The influence of the start-up performance of the heat pipe, the load of the rack 


and the load dissipation to the temperature and the velocity distribution in the rack are discussed. It is found that 


the temperature would be lower and the temperature distribution would be more uniform in the rack when the 


pulsating heat pipe is in operation. Also, the effect of rack electricity load on temperature distribution is analyzed. 


It is indicated that higher velocity of chilled air will improve heat transfer of the rack. 


Keywords: cooling, rack, data center, pulsating heat pipe 


Introduction 


In recent years, the energy consumption of data cen- 
ters has increased rapidly with the development of higher 
power density server components. The energy consump- 
tion is responsible for 1.3% of the world electricity con- 
sumption and it will continue to increase at a rate of 15- 
20% per year for the foreseeable future [1]. 

While the energy consumption is huge, the energy ef- 
ficiency is not high. The Green Grid, a non-profit organ- 
ization, proposed a metric which is becoming the stan- 
dard when measuring the energy efficiency in data cen- 
ters: PUE (Power Usage Effectiveness) [2]. PUE meas- 
ures how well the energy using for data center cooling 
and power systems. 

In most data centers, the PUE is almost 2.0, but the 
ideal value now is 1.5 or lower. The IT equipment energy 
consumption accounts for 50%-75% of the total energy 
consumption in data centers. The cooling systems con- 
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sume most energy of the remaining energy consumption 
[3]. It is important to reduce the energy consumption of 
cooling systems in order to reduce the total energy con- 
sumption. 

Schneider Electric White Paper 130 [4] proposed three 
levels of cooling system in data centers: room, row and 
rack level cooling system. The room-based cooling is to 
cool the entire room with the CRAC (the computer room 
air conditioners) units. It requires maximum air volume 
and consumes the most refrigerating capacity since the 
room is overcooled to maintain IT devices working in 
suitable temperature. With row-based cooling, the CRAC 
units are associated with a row. The airflow paths are 
shorter and more clearly defined. The rack-based cooling 
is to cool a rack. It requires the minimum air volume and 
consumes the least refrigerating capacity. 

Rambo and Joshi [5] studied the internal heat transfer 
process in the rack by simulating server chips with con- 
stant heat flux model and simulating the air flow in the 
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rack with internal fan. Mayumi Ouchi et.al [6] proposed 
new liquid cooling systems by attaching cooling jacket to 
each server. The exhaust heat was controlled intensively 
with a thermal cable without heat radiation into the serv- 
er room. Yu C. et.al [7] designed and simulated an eva- 
porator for cooling system of the blade server. The effec- 
tive refrigerant system which had high efficiency heat 
exchangers was designed according to the limited space 
behind the blade enclosure. It is found that the cooling 
system can ensure the blade server work properly and 
there is a high temperature area in the enclosure. 

Some companies have proposed some rack level cool- 
ing approaches. IBM Corp. [8, 9] has developed “Rear 
Door Heat Exchanger”, which was attached to the rear of 
a server rack. For this system, the exhaust heat generated 
by the servers in the rack was cooled by the heat ex- 
changer before being spelled to a server room. Hew- 
lett-Packard Co. [10,11] has unveiled “Modular Cooling 
System (MCS) G2” that enables simultaneous cooling of 
two racks with a single MCS G2 unit. Hitachi Ltd. [12] 
has rolled out the “spot cooling unit”. In this technique, a 
circulating chilled water panel was installed at the rear of 
the rack as the rear door and the heat generated by the 
servers in the rack was cooled down by the water-cooled 
rear door. 

These studies show the interest of rack level cooling 
system since a majority of existing data centers using 
room level cooling systems to maintain desired operating 
conditions. While some of the rack-based cooling sys- 
tems in use were water cooling techniques for server 
racks, the leakage of water may bring the risk of damag- 
ing the servers. In addition, these rack level cooling sys- 
tems have higher requirements for the modification of the 
racks. Therefore, there may be some limitations to the 
introduction of these cooling units to user’s data centers. 

The key to save the cooling energy is to improve the 
heat transfer efficiency between the rack and the cold 
fluid, and the application of pulsating heat pipe to the 
rack as an excellent heat transfer component was consi- 
dered. 

The pulsating heat pipe (PHP) was first proposed by 
Akachi [13] in the 1990s. The PHP is evacuated and 
filled partially with a working fluid, so there are liquid 
slugs and vapor slugs inside the channels, and then sealed 
for operation. When heat is applied, liquid and vapor 
slugs oscillate while traversing from evaporator to con- 
denser section. 

In recent years, some experimental studies on PHP 
have been conducted. Most of them studied the factors 
that would influence the start-up phenomenon and heat 
transfer performance of the PHP, such as filling ratio, 
heating power, inclination angle of the device, working 
fluid and the length of the heating section etc. [14, 15]. 
Niti Kammuang-lue et.al [16] used R123 as the working 
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fluid and studied the heat transfer performance in non- 
uniform heating mode. Gi K [17] applied the PHP to 
CPU cooling, and got excellent performances. 

In this paper, a rack cooling system combined with the 
pulsating heat pipe was proposed and studied experi- 
mentally. In addition, the prospect of energy conservation 
with the rack cooling system was discussed based on the 
results. 


Experimental apparatus 


The rack cooling system based on a pulsating heat 
pipe was established in this experimental research, as 
shown in Fig. 1. In this system, the inside and outside air 
of the rack was separated, and heat exchange was carried 
out through a plate pulsating heat pipe. The plate pulsat- 
ing heat pipe was installed on the back of the rack like 
the back door of the rack. The plate pulsating heat pipe 
transferred the heat generated by server from inside the 
rack into chilled air passage outside the rack. The chilled 
air was made by the cold water produced by the cooling 
chiller via heat exchangers. The servers were simulated 
by heating plates installed in server cases. Two axial flow 
fans were installed on the bottom of the rack near to the 
front door. The fans inside the rack transferred the heat 
generated by the servers to the pulsating heat pipe by air 
flow vertically. The server layers were placed at the bot- 
tom of the rack so the pulsating heat pipe was heated at 
down section. 
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Fig. 1 Schematic of Experimental System 
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All the temperatures were measured by thermocouples 
with 0.5mm diameter. The error of thermal sensor was 
less than 0.1°C. The temperatures of the evaporator and 
condenser sections of the pulsating heat pipe were meas- 
ured. 

Inside the rack, there were 25 points of velocity and 
temperature measurement in the middle of the rack, as 
shown in Fig. 2. In height direction, the rack was divided 
into five sections, and the rack was also divided into five 
sections horizontally. There were five measure points in 
each section. The velocity was measured by hot-wire 
anemometer. 
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Fig. 2 Measure points in the rack 
Results and discussion 


The aim of establishing the rack cooling system was to 
guarantee servers working properly and reduces energy 
consuming. In this research, the temperature distribution 
in the rack was taken into consideration, as well as some 
factors that would influence them, like the start-up per- 
formance of the pulsating heat pipe, the load and the load 
dissipation. The energy efficient of this rack cooling sys- 
tem was also evaluated. 


Other parameters 


The pulsating heat pipe was designed to fit the rack. It 
had 57 turnings with the 2 mmx2 mm rectangular cross- 
section. The material used to make the heat pipe was 
aluminum. The overall dimension was 598 mmx650 mm 
and two same pulsating heat pipes were implemented in 
the whole plate, as shown in Fig. 3. 

The server working temperature range is 10°C to 35°C, 
according to the former study, and the start-up tempera- 
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ture range of the pulsating pipe with R600a is 18°C to 
27°C. So, R600a was chosen as the working fluid of the 
pulsating heat pipe. 

There were four group fins attached to the condensing 
section of the plate pulsating heat pipe which were in the 
cooling air passage to improve the heat transfer. The pa- 
rameters of the fins were listed in Table 1. 


Fig. 3 The structure of the plate pulsating heat pipe 


Table 1 Fin parameters 


Parameters Details 
Material Aluminum 
Type Plain fin 
Fin thickness 2mm 
Fin number 29 
Fin height 80mm 


The temperature of the chilled air was maintained at 
20°C by adjusting the temperature and flux of the cold 
water produced by the cooling chiller. The chilled air 
passage section size was 235 mmx165 mm. 


Influence of the PHP 


In previous pulsating heat pipe studies, the pulsating 
heat pipe was a passive heat transfer element. Once it 
activated, the heat transfer performance would be better. 
So, the start-up performance of pulsating heat pipe would 
influence the cooling performance of the rack cooling 
system in this experiment. 

For the pulsating heat pipe, there are two kinds of 
start-up phenomenon. One occurs at the lower heating 
power. The evaporator section temperature will decrease 
rapidly, simultaneously, and the condenser section tem- 
perature will suddenly increase. Then the two sections 
maintain a relatively stable temperature. The other start- 
up phenomenon occurs at the high heating power. The 
evaporator section and condenser section will both in- 
crease to a relatively stable temperature with no obvious 
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change. No matter which start-up phenomenon it is, there 
is a decrease for the temperature difference of evaporator 
section and condenser section. So it can be given if the 
pulsating heat pipe is activated or not from the tempera- 
ture difference between evaporator and condenser sec- 
tions. 

Fig.4 shows the temperature difference between eva- 
porator and condenser sections with time at the heating 
power of 548.51W, 791.73W and 1451.28W, respectively. 
The decrease of the temperature difference illustrated that 
the pulsating heat pipe was activated, as the 
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Fig. 4 The temperature difference between evaporator and 
condenser section over time 
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liquid slug evaporated in the evaporator section and 
forced the vapor slug moved to the condenser section to 
be condensed with the energy output. 

The time from the beginning to the point when the 
temperature difference started to decrease is called the 
start-up time. The relationship between start-up time and 
the temperature of the hot wind inside the rack could be 
concluded, shown in Fig. 5, The higher the temperature 
was, the shorter the start-up time was, and the better the 
heat transfer performance of the heat pipe was. The 
higher heating power generated from the rack produced 
the higher temperature of the hot wind, and the heat in- 
side the rack would be transferred to the cold source 
more quickly. The performance of the rack cooling sys- 
tem was in better situation. 

Fig.6 shows the comparison of temperature distribu- 
tion in the rack between the empty pulsating heat pipe 
and the activated pulsating heat pipe. For same heating 
power, in both height section and side section, the tem- 
perature of the rack decreases as the pulsating heat pipe 
activated. In every height section, the temperature of the 
rack with the pulsating heat pipe activated was lower 
than that with the pulsating heat pipe empty, shown in 
Fig. 6. 

For the empty pulsating heat pipe, the temperature of 
the rack increased to the maximum on No.3 point in 
height section in the beginning, and then decreased in 
height direction from the bottom of the rack to the top; in 
side direction, the trend was similar, and the maximum 
temperature was on No.3 point in side section, shown in 
Fig. 6. This illustrates that there was an area in the rack 
that the heat was accumulated and could cause the serv- 
ers inside the rack shut down. This phenomenon is com- 
monly existed in data center racks relied on the room 
air-conditioning cooling approach, and is called the “hot 
spots problem”. So when the pulsating heat pipe in this 
rack cooling system was empty, on No.3 point in height 
section and No.2 to No.4 points in side sections, there 
could be hot spots in the rack. 
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Fig.5 The relation of start-up time and temperature of the hot 
wind in the rack 
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While the pulsating heat pipe was activated, the tem- 
perature of No.3 point in height section dropped from 
36.7°C to 32.9°C, and was close to the temperature of 
No.2 and No.4 points in height sections. And in side di- 
rection, if the pulsating heat pipe was activated, the hot 
spots area narrowed to No.3 and No.4 points in side sec- 
tions. This means that the start-up of the pulsating heat 
pipe could remove the hot spots in height section and 
narrow the hot area in side section. 

This was because of the difference of the way the heat 
transferred from the rack to the cooling air duct. The heat 
generated by the servers in the rack firstly was trans- 
ferred to the evaporating section of the pulsating heat 
pipe via convection heat transfer, and then it was trans- 
ferred from the evaporating section to the condensing 
section of the pulsating heat pipe, and finally transferred 
to the cooling air duct via convection heat transfer. When 
the pulsating heat pipe was empty, the heat was trans- 
ferred only via heat conduction from the evaporating 
section to the condensing section of the pulsating heat 
pipe. When the pulsating heat pipe was activated, the 
heat transfer was through evaporating and condensing 
heat transfer in the channels of the pulsating heat pipe. 
The heat transfer was strengthened once the pulsating 
heat pipe was activated, thus the temperature of the rack 
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Fig.6 Influence of the performance of PHP to the temperature 
distribution in the rack, (a) height section, (b) side sec- 
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would decrease and the situation that there might be hot 
spots inside the rack was improved. 

Fig. 7 shows the comparison of velocity distribution in 
the rack between the empty pulsating heat pipe and the 
activated pulsating heat pipe. When the heating powers 
were the same in both the activated and empty pulsating 
heat pipe cases, the overall trends of the hot wind veloci- 
ty distribution in the rack were the same due to the same 
internal structure of the rack, but in certain section there 
were slight differences. 

In height sections, for the pulsating heat pipe activated 
the velocity was less than that in empty pulsating heat 
pipe case, except the No.1 point in height section. When 
the pulsating heat pipe was activated, the maximum dif- 
ference of velocity was less than that in the empty pul- 
sating heat pipe case. This shows that the velocity distri- 
bution in the rack would be more flat when the pulsating 
heat pipe was activated, and the velocity in higher tem- 
perature sections would be increased. This explains why 
the temperature in activated pulsating heat pipe rack was 
lower. 

In side sections, when the pulsating heat pipe was ac- 
tivated, the velocities in No.1 and No.3 points were 
higher than that in the empty pulsating heat pipe case, 
and the temperatures at side section 3 and 4 points were 
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Fig. 7 Influence of the performance of PHP to the velocity 
distribution in the rack, (a) height section, (b) side sec- 
tion 
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higher than other points in side sections. So the tempera- 
ture and velocity were two factors that would influence 
each other. 

In general, the start-up of the pulsating heat pipe 
would decrease the temperature in the rack, narrow the 
area of “hot spots” and increase the velocity at high tem- 
perature sections, thus improve the heat transfer from the 
rack to the cooling air duct. 


Influence of the load 


Load is another word for the total heating power of the 
servers in the rack. There were 25 measure points in the 
rack scattered on 5 height sections and 5 side sections. 

Fig. 8 shows the temperature distribution in the rack 
on height sections and side sections with load of 548.51 
W, 791.73W, 1451.28 W and 2050.73W, respectively. 
The temperature of each section was the average temper- 
ature of 5 measure points. 

The pulsating heat pipes were operated stably with the 
server load of 548.51W, 791.73W, 1451.28W and 
2050.73W. It was clearly observed that the temperature 
of the hot wind in the rack increased with the load both at 
height sections and side sections. But the uniformity of 
the temperature distribution in height sections and side 
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Fig. 8 Influence of the server load on the temperature distri- 
bution in the rack, (a) height section, (b) side section 
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sections changed with the load increased. In height direc- 
tion, the temperature-height curve was convex when the 
load was in lower range, while the curve changed to 
concave form when the load was in high range. In side 
direction, as the load increases, the temperature-side 
curve changed from “left lower than right” to “left higher 
than right”. The bending curve illustrated the non-uni- 
form temperature distribution. 

In order to make the uniformity of the temperature 
distribution in the rack more visible, the standard devia- 
tions (STDEV) of the section temperature in height di- 
rection and side direction varying with load were plotted 
in Fig. 9. The standard deviation is a measure of a set of 
data dispersion degree of the average. In Fig. 9, the ordi- 
nate represents the uniformity of the temperature distri- 
bution in the rack. 
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Fig.9 STDEV of temperature change over the load 


The standard deviation of the temperature decreased 
firstly and then increased with the load increase in both 
height direction and side direction. There was an optimal 
load coupled with the filling ratio of the pulsating heat 
pipe when the temperature distribution in the rack was in 
uniform case. The uniformity of the temperature distribu- 
tion in the rack is important to the “hot spots” problem in 
the rack. 


Influence of chilled air velocity 


Three kinds of chilled air velocity were tested to ob- 
serve their effects on the temperature of the rack. 

Experimental results indicated that the cooling per- 
formance would be better when the chilled air velocity 
increased. The temperature of the rack decreased with the 
velocity of the chilled air in both height and side sections, 
shown in Fig. 10. When the efficiency of the fins and the 
temperature of the chilled air were the same, the heat 
transfer coefficient would increase as the heat convection 
was enhanced when the velocity of the chilled air in- 
creased. The heat transfer between condensing section 
with fins and chilled air would be enhanced. As a result, 
the temperature of the rack decreased. 
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Fig. 10 Influence of the chilled air velocity to the temperature 


distribution in the rack, (a) height section, (b) side 
section 


Conclusions 


1. The start-up of PHP makes the temperature lower 


and the temperature distribution more uniform in the rack. 


The higher heating power produces the shorter start-up 
time and the faster heat transfer. 

2. There is an optimal load coupled with the filling ra- 
tio of the pulsating heat pipe when the temperature dis- 
tribution in the rack is the most uniform. 

3. A lower temperature of the rack will be reached as 
the velocity of the chilled air increases. 
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